Despite the importance of extracellular events in cell wall organization and biogenesis, the mechanisms and related factors are largely unknown. We isolated an allele of the shaven3 (shv3) mutant of Arabidopsis thaliana, which exhibits ruptured root hair cells during tip growth. SHV3 encodes a novel protein with two tandemly repeated glycerophosphoryl diester phosphodiesterase-like domains and a glycosylphosphatidylinositol anchor, and several of its paralogs are found in Arabidopsis. Here, we report the detailed characterization of mutants of SHV3 and one of its paralogs, SVL1. The shv3 and svl1 double mutant exhibited additional defects, including swollen guard cells, aberrant expansion of the hypocotyl epidermis and ectopic lignin deposits, suggesting decreased rigidity of the cell wall. Fourier-transform infrared spectroscopy and measurement of the cell wall components indicated an altered cellulose content and pectin modification with cross-linking in the double mutant. Furthermore, we found that the ruptured root hair phenotype of shv3 was suppressed by increasing the amount of borate, which is supposed to be involved in pectic polysaccharide cross-linking, in the medium. These findings indicate that SHV3 and its paralogs are novel important factors involved in primary cell wall organization.
Despite the importance of extracellular events in cell wall organization and biogenesis, the mechanisms and related factors are largely unknown. We isolated an allele of the shaven3 (shv3) mutant of Arabidopsis thaliana, which exhibits ruptured root hair cells during tip growth. SHV3 encodes a novel protein with two tandemly repeated glycerophosphoryl diester phosphodiesterase-like domains and a glycosylphosphatidylinositol anchor, and several of its paralogs are found in Arabidopsis. Here, we report the detailed characterization of mutants of SHV3 and one of its paralogs, SVL1. The shv3 and svl1 double mutant exhibited additional defects, including swollen guard cells, aberrant expansion of the hypocotyl epidermis and ectopic lignin deposits, suggesting decreased rigidity of the cell wall. Fourier-transform infrared spectroscopy and measurement of the cell wall components indicated an altered cellulose content and pectin modification with cross-linking in the double mutant. Furthermore, we found that the ruptured root hair phenotype of shv3 was suppressed by increasing the amount of borate, which is supposed to be involved in pectic polysaccharide cross-linking, in the medium. These findings indicate that SHV3 and its paralogs are novel important factors involved in primary cell wall organization.
Introduction
Plant shape and size are determined primarily by cell division and expansion. Cell expansion involves controlled cell wall organization. Primary walls require both mechanical stability and extensibility to allow for cell expansion without cell rupture due to excessive turgor pressure. Cell walls must be able selectively to loosen, integrate newly synthesized cell wall components, and form a new cell wall matrix quickly and correctly during cell expansion (Cosgrove 2005) . Therefore, cell expansion requires the organized disruption and formation of linkages among cell wall components. Because of the complex structure of cell walls, understanding the regulatory mechanisms of cell wall organization during cell expansion and shape change is a major challenge in plant science.
Primary cell walls, which are deposited during cell expansion, are composed mainly of cellulose microfibrils, hemicelluloses, pectins and proteins. The cellulose microfibrils, which are crystallized fibers of b-1,4-glucose chains, are synthesized by the cellulose synthase complex at the plasma membrane. The other components, including the hemicelluloses and pectins, are synthesized in the Golgi apparatus then secreted into the cell wall matrix (Scheible and Pauly 2004, Cosgrove 2005) . Cell walls have a complex structure comprising several different types of linkages between their components. Hemicelluloses, such as xyloglucan, form hydrogen bonds with the surfaces of cellulose microfibrils and other polysaccharides. One of the pectic components, rhamnogalacturonan II, forms borate diester cross-links between apiose residues (O'Neill et al. 2004) . Another pectic component, homogalacturonan, forms calcium cross-links between carboxyl groups in a methyl esterification-dependent manner (Ridley et al. 2001) .
Understanding cell wall organization requires identifying not only the components but also the factors that modulate the components and comprise the network structure of the cell wall. Several enzymes that modify the linkages between the components of the cell wall have been identified. Transglycosylation between free and cellulosebound xyloglucans catalyzed by xyloglucan endotransglycosylase is thought to be involved in cell wall loosening (Vissenberg et al. 2003) . Pectin methylesterases, which remove the methyl groups of pectins in the cell wall, control the number of calcium cross-links among the pectins. The vgd1 mutant, an Arabidopsis line defective in pectin methylesterase, exhibits slow-growing pollen tubes leading to reduced male fertility in vivo and unstable pollen tubes that are susceptible to bursting in vitro (Jiang et al. 2005) . Expansins are thought to disrupt the non-covalent interactions between cell wall polymers in acid-induced cell growth, although their molecular functions have not yet been elucidated (Li et al. 2003 ). In addition, recent studies have revealed that a large number of proteins predicted to be located in the cell wall have important roles in cell wall organization. Several glycosylphosphatidylinositol (GPI)-anchored proteins that attach to the outer cell surface have been functionally characterized in cell wall organization. COBRA is required for the deposition of cellulose and the regulation of anisotropic expansion, and cobra mutants have swollen roots because of abnormal radial cell expansion (Schindelman et al. 2001 , Roudier et al. 2005 . SKU5 is structurally similar to multiple copper oxidases, and its defective mutant exhibits an altered root waving pattern (Sedbrook et al. 2002) . A mutant of SOS5, which encodes a protein with fasciclin-like and arabinogalactan protein-like domains, exhibits arrested root growth and root swelling under salt stress conditions (Shi et al. 2003) . It has been postulated that these factors are involved in the construction of cell wall networks.
Root hair cells exhibit tip growth and a fast rate of expansion. A sophisticated regulatory mechanism is believed to maintain the organization of the cell wall to prevent the tip from rupturing during root hair elongation. Ruptured root hairs have been observed only in the kojak (kjk) (Favery et al. 2001) , lrx1lrx2 (Baumberger et al. 2003) and mrh4 (Jones et al. 2006 ) mutants, which are thought to have abnormal cell wall organization. To learn more about the mechanism of cell wall organization, we isolated shaven3 (shv3) from a screen of Ds insertional mutants for lines with abnormally shaped root hairs. SHV3 encodes a GPIanchored protein similar to glycerophosphoryl diester phosphodiesterase (GPD) and is required for root hair elongation (Parker et al. 2000 , Jones et al. 2006 .
In this study, we found that a combination of shv3 and a disruptant mutation in a paralog conferred additional unique phenotypes to the morphology of the epidermal cells and a number of phenotypes common to cell wall-related mutants. Furthermore, an analysis of the cell wall components in the double mutant revealed an altered crystalline cellulose content with pectin modifications and changes in the amount of cross-linking. These findings suggest that SHV3 and its paralogs encode novel proteins with important roles in cell wall organization.
Results

Identification of the SHV3 locus by Ds transposon tagging
We isolated a recessive mutant defective in root hair formation from a screen of RIKEN Arabidopsis Ds transposon insertion lines (Kuromori et al. 2004 , Kuromori et al. 2006 ). In the mutant line 15-1096-1, tip growth in nearly all root hair cells was blocked due to a rupture at the tip (Fig. 1A) . However, bulges were observed at the appropriate positions in the trichoblasts, indicating normal root hair development. No other visible phenotypes were observed in this mutant. The transposon element was found to be inserted into At4g26690, which encodes a GPD-like protein (Fig. 1C ) that is predicted to have a glycosylphosphatidylinositol (GPI) anchor sensitive to phosphatidylinositol-specific phospholipase C (Borner et al. 2003) . This gene was recently identified as the gene responsible for the root hair-defective mutant, shv3/mrh5 (Parker et al. 2000 , Jones et al. 2006 . Jones et al. (2006) found that the expression of At4g26690 was correlated with the root hair morphogenesis, and T-DNA insertion mutations of this gene caused a root hair-defective phenotype. All of the F 1 plants generated by crossing 15-1096-1 with shv3 had the same defective root hair phenotype as the parents, indicating that this Ds mutation is allelic to shv3 (Fig. 1B) . We examined the nucleotide sequence of this gene in the shv3 mutant and identified a C-to-T transversion mutation causing an amino acid substitution Thr(364) to Ile, consistent with the effect of ethylmethanesulfonate, which was used for mutagenesis (data not shown) (Parker et al. 2000) . We obtained a T-DNA insertion mutant (SALK_024208) of this gene and confirmed that it conferred the same phenotype. In the previous study, SALK_024208 was named mrh5-3 (Jones et al. 2006) . To avoid confusion, in this study, we refer to the mutant isolated by Parker et al. (2000) as shv3-1, the T-DNA insertion line as shv3-2, and the Ds insertion line 15-1096-1 as shv3-3; shv3-2 was used in the following experiments. In shv3-2 and shv3-3, transcript fragments were detected by reverse transcription-PCR (RT-PCR) ( Supplementary Fig. S1 ). We assumed that the shv3-2 and shv3-3 products were not functional, however, because the predicted polypeptides lack the N-terminal signal sequence or the C-terminal region required for correct protein localization (see below).
Localization of SHV3
The predicted SHV3 protein contains a putative signal sequence at the N-terminus and a putative GPI anchor addition site (omega site) near the C-terminus, indicating its localization at the plasma membrane (Borner et al. 2002) . To confirm this assumption, we generated transgenic plants expressing a chimeric green fluorescence protein (GFP)-SHV3 protein with GFP attached to the C-terminal end of the SHV3 signal sequence. The root hair phenotype of shv3 was completely restored by transformation with this construct (data not shown), indicating that the fusion protein was fully functional. GFP fluorescence was observed at the plasma membrane (Fig. 1D , upper panels), suggesting its function at the cell surface. In addition to the plasma membrane, GFP fluorescence was often observed in some intracellular structures (Fig. 1D , lower panels and Supplementary Fig. S2 ). This intracellular fluorescence may be derived from the GPI-anchored SHV3 protein on the membrane trafficking pathway. In the root hair cell, the fluorescence was not polarized at the tip where SHV3 is supposed to function and was observed in a wide area of cell surface and intracellular structures. The fluorescence intensity varied among the cells but was low in most cases, despite the fact that expression of the transgene was driven by the cauliflower mosaic virus (CaMV) 35S promoter. Exceptionally strong and stable fluorescence was observed in the trichomes; however, little fluorescence was detected at the basal surface of the trichomes, indicating the polarized localization of SHV3 ( Fig. 1D and Supplementary Fig. S2 ).
Glycerophosphoryldiester phosphodiesterase-like genes SHV3 has two tandemly repeated GPD-like domains, though the biochemical function of these domains is unknown ( Fig. 2A) . Using the MIPS database (http:// mips.gsf.de/), we identified six genes from Arabidopsis that are closely related to SHV3 [GPDL1 (glycerophosphodiesterase-like) to GPDL6]. Other genes encoding GPD-like proteins exist in the Arabidopsis genome, however. Thus, to avoid confusion, in this study we refer to GPDL1 (At5g55480), 3 (At1g66970), 4 (At3g20520), 5 (At5g58050) and 6 (At5g58170) as SVL (SHV3-like) 1, 2, 3, 4 and 5, respectively (Supplementary Table S1 ). A BLAST search identified putative orthologs of SHV3 only in plants (e.g. rice). A transcript encoding a polypeptide with high similarity to SHV3 was also found in Physcomitrella patens (Physcobase, http://moss.nibb.ac.jp). In addition to SHV3 and SVL genes, a gene (At1g66980) encoding a protein with a similar domain organization and an additional Ser/Thr kinase domain was found in Arabidopsis. Because this gene has 480% identity to the flanking gene (SVL2), and as no other similar gene was found in any other plant species, it may be an Arabidopsisspecific gene produced by chromosomal rearrangement. We examined a disruptant mutant of At1g66980 (Ds 12-1469-1), but failed to detect any visible phenotype (data not shown).
GPD catalyzes the hydrolysis of glycerophosphoryl diester to a glycerol 3-phosphate and alcohol. Carrot GPD activity was detected in cell wall fractions (Van Der Rest et al. 2004 ). In Arabidopsis, At1g74210 and At5g08030 are thought to be equivalent to the carrot GPD, based on their peptide sequences. To compare the GPD-like domains of SHV3 and SVLs, their primary sequences were aligned with those of the putative Arabidopsis GPDs and a known GPD in Escherichia coli, GlpQ (Larson et al. 1983 , Tommassen et al. 1991 (Fig. 2) . The crystal structure of E. coli GlpQ and glycerol complex (PDB: 1ydy) revealed a number of residues that are probably essential for interactions with the substrate and calcium ions. These residues are conserved in At1g74210 and At5g08030, but not in SHV3 or SVLs, suggesting that the biochemical function of the GPD-like domains in SHV3 and SVLs is distinct from that in typical GPD (Fig. 2) . A comparison of the N-and C-terminal GPD-like domains indicated that these two domains have distinct sequences, suggesting that they have different biochemical functions. The recessive phenotype caused by the shv3-1 missense mutation in the C-terminal GPD-like domain indicates that this domain is necessary for SHV3 function. We attempted to determine whether recombinant SHV3 produced in E. coli has GPD activity using glycerophosphocholine as a substrate, but we were unable to detect any such activity ( Supplementary Fig. S6 ).
Overlapping and distinct distributions of the expression of SHV3 and SVLs in tissues
To determine the tissue-specific expression pattern of SHV3 and SVL genes, RT-PCR analysis was performed using total RNA isolated from the aerial parts or roots of 7-d-old seedlings, and dissected tissues from 6-week-old plants (Fig. 3) . In 7-d-old seedlings, only SHV3, SVL1 and SVL2 transcripts were detected. SHV3 and SVL1 mRNA was detected in both the aerial parts and roots, whereas SVL2 mRNA was detected only in the aerial parts. SHV3, SVL1 and SVL2 mRNA was detected in various 6-week-old vegetative tissues. SVL3 mRNA was detected in the siliques
Comparison of the primary sequences of SHV3, SVLs and GPDs. (A) Schematic representation of SHV3, SVLs, two Arabidopsis candidate GPDs (At1g74210 and At5g08030) and an E. coli GPD (GlpQ). The gray portions indicate the most conserved parts of the GPDlike domains (i.e. the residues that were used for alignment in B). (B) Alignment of the residues from the most conserved parts of the GPDlike domains and GPDs. Those residues thought to interact with the substrate or calcium ions are indicated by open and filled triangles, respectively. The shv3-1 transversion was observed in the C-terminal GPD-like domain. Clustal X (Thompson et al. 1997 ) was used to create the alignment. Amino acids identical in all sequences are highlighted in black, while those identical in at least eight sequences are highlighted in gray. (C) Phylogenic tree of the GPD-like domains and GPDs. The phylogenic distances were calculated by comparing the primary sequences of the GPD-like domains and GDPs using Clustal X. The phylogenic tree was drawn using TreeView (Page 1996) . The bar indicates 0.1 substitutions per site.
SHV3 and SVLs in cell wall organizationand, to a lesser extent, flowers. SVL4 and SVL5 mRNA was detected predominantly in the flowers, consistent with data showing that SVL4 and SVL5 are expressed specifically in pollen (Lalanne et al. 2004 ).
To examine the detailed expression patterns of SHV3, SVL1 and SVL2, we performed a histochemical analysis of transgenic plants harboring the b-glucuronidase (GUS) gene fused to the putative promoter regions of each of these genes (Fig. 4 ). In the P SHV3 ::GUS transgenic plants, GUS activity was strongest in the root hair cells (Fig. 4A, J, K) . The appearance of GUS activity in the root hair cells appeared to coincide with the initiation of root hair formation (Fig. 4J) , consistent with previous data (Jones et al. 2006) . GUS activity was also detected in the petioles, hypocotyls (Fig. 4L ) and young leaves (Fig. 4D , M). P SVL1 ::GUS activity was strongest in the vascular tissues (Fig. 4B , E, P, Q, T) and root meristems (Fig. 4B, N, O) . Additionally, GUS activity was observed in the hypocotyl epidermis (Fig. 4P) , young leaf guard cells (Fig. 4S ) and trichomes (Fig. 4R ). P SVL2 ::GUS activity was strongest in the leaves (Fig. 4C, F, V) . GUS activity was also detected in the hypocotyls of dark-grown P SHV3 ::GUS and P SVL1 ::GUS transgenic plants (Fig. 4G,  H ). GUS activity in P SVL2 ::GUS was detected in light-grown hypocotyls (Fig. 4U ), but not in dark-grown hypocotyls (Fig. 4I ). These results demonstrate that the expression of SHV3 and SVL genes is strictly regulated and that they have overlapping and distinct tissue expression patterns.
Characterization of the SVL disruptant mutants
To investigate whether the disruption of SVL genes would produce an shv3-like phenotype, we screened SVL T-DNA insertion lines (Fig. 5A ). Presumably because of functional redundancy among these gene products, no visible phenotype was observed. Therefore, we generated mutants of SHV3, SVL1 and SVL2 because our earlier data indicated that these genes are expressed in various tissues.
A number of intriguing novel phenotypes were observed in shv3-2svl1-1, but not in shv3-2svl2-1 or svl1-1svl2-1. Additionally, we generated an shv3-2svl1-1svl2-1 triple mutant, but its phenotype did not differ from those of the double mutants. We also tried unsuccessfully to generate an svl4svl5 double mutant presumably due to small genetic distance between them.
The shv3-2svl1-1 double mutant exhibits altered cell wall organization and cell expansion
The shv3-2svl1-1 double mutant seedlings exhibited increased anthocyanin accumulation (data not shown) and frequently collapsed trichomes ( Supplementary Fig. S3 ). In addition, some brown discoloration was observed around the endodermis in the hypocotyl and root (Fig. 5B ). This phenotype was initially observed in the lower part of the hypocotyl then gradually spread to the upper hypocotyl and root (data not shown). Histochemical analysis using phloroglucinol-HCl revealed ectopic lignification at the discolored sites in the double mutant, but not in any of the monogenic mutants (Fig. 5B) . Ectopic lignification was previously observed in several mutants showing altered cell wall organization and cell expansion regulation with shortened dark-grown hypocotyls, including eli1/cev1 (Cano-Delgado et al. 2000, Ellis et al. 2002) , kor1 (Nicol et al. 1998) , elp1/ctl1 (Zhong et al. 2002) and kob1/abi8 (Pagant et al. 2002 , Brocard-Gifford et al. 2004 ). Therefore, we investigated whether the shv3-2svl1-1 double mutant had a similar phenotype. Four-day-old dark-grown shv3-2svl1-1 seedlings displayed shorter and thicker hypocotyls than the wild type (Fig. 5C, D) , which is consistent with the hypocotyl expression of SHV3 and SVL1 as indicated by GUS staining in the promoter-GUS transgenic lines (Fig. 4P, Q) .
The eli1/cev1 mutant, which is defective in a cellulose synthase subunit (CESA3), overproduces ethylene and jasmonic acid, and accumulates transcripts of their responsive genes. Similar phenotypes have been reported in the elp1/ctl1 and kob1/abi8 mutants, and it has been proposed that ethylene and jasmonic acid signaling is activated by alterations in cell wall organization. To determine whether such signaling is activated in shv3-2svl1-1, the transcript levels of PDF1.2 and VSP1 were examined by RT-PCR using total RNA extracted from 7-d-old plants. PDF1.2 expression is induced by jasmonic acid and ethylene (Penninckx et al. 1998 ), whereas VSP1 is induced by jasmonic acid but not ethylene (Rojo et al. 1999) . Strong mRNA expression of PDF1.2 and VSP1 was detected in the double mutant, whereas that in the wild type was relatively weak (Fig. 5E) . The shortened dark-grown hypocotyls of eli1/cev1 and elp1/ctl1 are restored by etr1, a strong ethylene-insensitive mutation, and partially by inhibitors of ethylene production [e.g. 1-aminoethoxyvinyl glycine (AVG)] or binding (Ag þ ), respectively. Unlike the elp1/ctl1 mutants, AVG did not restore the shortened dark-grown hypocotyls of shv3-2svl1-1 (Supplementary Fig. S4 ), which suggests that the shv3-2svl1-1 mutation directly affects cell wall organization and cell expansion.
The shv3-2svl1-1 double mutant has abnormally shaped epidermal cells
Besides the phenotypes observed in other cell wall mutants, a number of unique phenotypes were observed in the shv3-2svl1-1 double mutant. Interestingly, the guard cells in shv3-2svl1-1 were larger than those in the wild type (Fig. 6A, B) , although the stomatal response to ABA and light was normal (data not shown). When fixed with ethanol and cleared with chloral hydrate, the ventral sides of the guard cells in shv3-2svl1-1 were obviously swollen (Fig. 6C) . Another visible phenotype in shv3-2svl1-1 was aberrant swelling of the hypocotyl epidermis (Fig. 6D) . Electron microscopic observations revealed that the peak of the swollen site had a rough surface, suggesting an abnormal outer cell surface. These observations suggest that SHV3 and SVL1 play important roles in determining epidermal cell morphology by conferring cell wall stability.
Characterization of the shv3-2svl1-1 cell wall To characterize the shv3-2svl1-1 cell wall, we isolated and analyzed alcohol-insoluble residues (AIRs) from 4-dold dark-grown seedlings (Table 1) . First, we measured the crystalline cellulose content. The AIRs of the dark-grown shv3-2svl1-1 seedlings contained about 45% less crystalline cellulose, highlighting the requirement for SHV3 and SVL1 for crystalline cellulose. Secondly, we analyzed the neutral sugar composition of the AIRs. Since excess starch-derived glucose was detected in shv3-2svl1-1, the neutral sugar compositions were compared excluding glucose. Indeed, the AIRs of the dark-grown shv3-2svl1-1 seedlings contained a larger amount of starch. No drastic changes in neutral sugar composition were found, although slightly higher arabinose and slightly lower xylose contents were detected in shv3-2svl1-1.
A shorter dark-grown hypocotyl increased accumulation of ethylene/jasmonic acid-responsive gene transcripts and ectopic lignification were also observed in the cellulosedeficient mutant cev1/eli1. Therefore, it is possible that a reduced cellulose content is the major cause of the phenotypes observed in the shv3-2svl1-1 double mutant. On the other hand, some phenotypes unique to shv3-2svl1-1, such as ruptured root hair cells and swollen guard cells, have not been observed in cellulose-deficient mutants. Hence, the presence of other changes in the cell wall was suspected. To investigate whether shv3-2svl1-1 has an aberrant cell wall composition, we performed Fouriertransform infrared (FTIR) analysis, which provides information on cell wall composition and architecture (McCann et al. 1992) . FTIR absorption spectra of the double mutant and wild type were obtained using 4-d-old dark-grown hypocotyls. Principal components analysis using these spectral data revealed a clear separation of shv3-2svl1-1 and wild type in principal component 1 (PC1) (Fig. 7A) . The data for PC1 indicated that the cell walls of shv3-2svl1-1 are poorer in cellulose (corresponding to peaks at 1,037, 1,061, 1,105 and 1,165 cm -1 ) but richer in protein (corresponding to peaks at 1,550 and 1,650 cm -1 ) than those of the wild type (Wilson et al. 2000) (Fig. 7B) , consistent with the results of our AIR analysis. Another remarkable difference was the absorption at 953 cm -1 , which reflects the amount of polygalacturonic acid (Synytsya et al. 2003) . Because this Indicates a marginally significant difference from the wild type (Student's t-test, P50.1).
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absorption is diminished by methyl esterification of the carboxyl group (Synytsya et al. 2003) , the total uronic acid content in shv3-2svl1-1 may have decreased or the degree of methyl esterification may have increased. To confirm these quantitative changes, the total uronic acid and methyl ester contents were measured. Contrary to our expectations, the cell walls of the dark-grown shv3-2svl1-1 seedlings had an increased amount of uronic acid and a decreased amount of methyl esterification when compared with the wild type ( Table 1 ). The uronic acid content and degree of methyl esterification were not responsible for the change in absorption at 953 cm -1 in our FTIR analysis, suggesting that some other modification or altered interaction may affect the infrared absorption of the pectic polysaccharides in shv3-2svl1-1. These results suggest that the shv3-2svl1-1 mutation affects the properties and amount of the pectins that are present.
Increasing the borate concentration partially suppresses the shv3svl1 and shv3 phenotypes
We hypothesized that pectin cross-linking is affected by the condition of the pectin. To examine whether promoting pectin cross-linking would suppress the mutant phenotype, shv3-2svl1-1 and shv3 were grown on medium containing an increased concentration of borate, which is supposed to be involved in the cross-linking of pectic domain rhamnogalacturonan-II (RG-II) and other cell wall carbohydrates (Blevins and Lukaszewski 1998) . Four-day-old seedlings grown on medium containing 0.1 mM borate were transferred to medium containing a higher concentration of borate and grown for 3 d. A significant increase in the number of unruptured root hairs was observed in both shv3-2svl1-1 and shv3; however, the unruptured root hairs in shv3 were normal (i.e. elongated) in shape (Fig. 8) , whereas those in shv3-2svl1-1 were irregular ( Supplementary  Fig. S5 ). Under the growth conditions used, 2.5 mM borate was more effective than 0.5 mM borate, indicating dose dependency. A borate concentration of 3.5 mM reduced root hair elongation, presumably due to toxicity. On the other hand, increasing the concentration of calcium, which is involved in the cross-linking of homogalacturonan, did not suppress any of the observed phenotypes (data not shown). These results imply that the stability of RG-II cross-linking is reduced in shv3-2svl1-1 and shv3. Increased borate concentrations did not suppress any of the other phenotypes in the shv3-2svl1-1 double mutant under the same conditions.
To confirm whether RG-II cross-linking is altered in the mutant, we assessed the proportion of borate estercross-linked RG-II dimers in shv3-2svl1-1 and the wild type. AIRs purified from seedlings grown on 0.1 mM borate were analyzed. As shown in Fig. 9 , the proportion of RG-II dimers was slightly but significantly reduced in shv3-2svl1-1.
Discussion
To date, only three mutants with ruptured root hairs have been reported: kjk, lrx1lrx2 and mrh4 (Baumberger et al. 2001 , Favery et al. 2001 , Jones et al. 2006 . KJK encodes a cellulose synthase-like D3 protein predicted to be involved in the synthesis of polysaccharides other than cellulose (Dhugga et al. 2004 , Liepman et al. 2005 ). LRX1 and LRX2, which have leucine-rich repeats and extensinlike domains, regulate cell wall organization in root hairs, although their biochemical functions are unknown (Baumberger et al. 2001 , Baumberger et al. 2003 , Diet et al. 2006 . MRH4 encodes the COBRA-like protein COBL9 (Jones et al. 2006) . The ruptured root hair phenotype indicates severe cell wall defects, suggesting that the responsible genes have important roles in cell wall organization. However, to our knowledge, there are no reports of other phenotypes in these mutants, and these genes have not been evaluated for their contributions in other tissues. In this study, we demonstrated that SHV3 has critical roles not only in root hair cells but also in other tissues.
Cell wall analysis revealed distinct characteristics of the cell wall components in the shv3-2svl1-1 double mutant, including decreased crystalline cellulose accumulation (Table 1, Fig. 7 ). This result indicates that SHV3 and SVL1 are novel factors required for the accumulation of crystalline cellulose. A reduced cellulose content has also been reported in mutants of ELI1/CEV1 and PRC1, which are involved in primary cell wall synthesis (Fagard et al. 2000 , Cano-Delgado et al. 2003 . Although eli1/cev1 and prc1 show more severe growth defects than the shv3-2svl1-1 double mutant, they do not have ruptured root hairs (Desnos et al. 1996 , Cano-Delgado et al. 2000 . Therefore, it is likely that abnormalities other than the reduced cellulose content contribute to root hair rupture in the shv3-2svl1-1 mutant. Our methyl esterified pectin assay and FTIR spectroscopic results indicate a reduced rate of methyl esterified pectin formation and other alterations in pectin structure or interactions in the shv3-2svl1-1 double mutant (Fig. 7) . We also demonstrated that the mutant had a lower rate of RG-II dimer formation. Additionally, GFP-SHV3 was localized mainly at the plasma membrane (Fig. 1) . These observations suggest that SHV3 and related proteins are involved in pectin network formation at the plasma membrane, rather than biosynthesis. The pectin matrix is essential for mechanical stability of the cell wall during rapid tip growth in pollen tubes (Jiang et al. 2005 , Iwai et al. 2006 . The many mechanisms common to tip growth in root hairs and pollen tubes suggest that pectins are also essential for tip growth in root hairs (Cole and Fowler 2006) .
In this study, we demonstrated that the shv3 and shv3-2svl1-1 root hair phenotype could be suppressed by an increased concentration of borate. Similar characteristics were previously observed in mur1, a fucose-deficient mutant; a high borate concentration (2.6 mM) successfully rescued the reduced tensile strength of the mutant hypocotyls and the reduced formation rate of cross-linked borate dimers , Ryden et al. 2003 . In the mur1 mutant, it is reasonable that the altered RG-II is the cause of the mutant phenotype and the effect of borate on RG-II contributes significantly to the rescue of the phenotype, because the effect of mur1 mutation on RG-II is defined and a high concentration of borate is sufficient to rescue the mutant phenotype. In contrast, in the case of the shv3 and shv3svl1 double mutant, the sites of action of borate contributing to the suppression of the root hair phenotype were obscure, because the mutations affect not only RG-II formation, and increasing the borate content was not sufficient to reverse the shv3 and shv3svl1 phenotypes completely. However, there are only a few cell wall-related mutants whose phenotypes are suppressed by an increased concentration of borate, suggesting that this observed borate dependency is an important character of shv3 and shv3svl1.
The shv3-2svl1-1 double mutant had abnormal epidermal cells (Fig. 6) . Root hair-like cell expansion in the hypocotyl epidermis was previously observed in transgenic plants expressing recombinant GLABRA2 (GL2), which was modified to activate the expression of genes involved in root hair cell differentiation (Ohashi et al. 2003) . This implies that Arabidopsis hypocotyl epidermal cells have the ability to form root hair-like structures. SHV3 and SVL1 may negatively regulate such structures by modulating cell wall organization. The shape of the guard cells in the mutants was different from that in the wild type, presumably due to loose ventral walls (Fig. 6C ). Adequate guard cell movement is thought to be conferred primarily by guard cell-specific cell wall organization (Majewska-Sawka et al. 2002 . It is likely that SHV3 and SVL1 play some role in the development of the guard cell wall. Consistent with this, considerably stronger SVL1 expression was observed in the guard cells (Fig. 4S) . To our knowledge, this guard cell phenotype has not been reported previously. It would be interesting to examine this phenotype in other cell wall-related mutants. Taken together, the defects in SHV3 and SVL1 include abnormal cellulose deposition and pectin network formation, suggesting the function of these proteins in cell wall organization. Given the complex composition of the cell wall and our current lack of understanding of how defects in individual cell wall components affect cell wall organization, it is difficult to determine how SHV3 and SVLs are directly involved in cellulose deposition or pectin network formation without precise demonstrations of their biochemical activities. Several GPI-anchored proteins are essential for cell wall organization in plants (Gillmor et al. 2005) . The biochemical and molecular functions of individual GPI-anchored proteins, however, are largely unknown. The GPD-like domain in SHV3 and its related proteins implies their functions in catabolism of glycerophosphodiesters such as glycerophosphocholine. Two types of GPD have been reported in carrot and Arabidopsis. They are vacuolar GPD and cell wall GPD, which are assumed to be involved in membrane degradation and uptake of nutrients, respectively (Van der Rest et al. 2002) . If this is the case, the absence of SHV3 and SVLs may initially cause the compositional changes in plasma membrane lipid. Disturbance of the lipid composition of the membrane would affect the membrane transport system and the cellulose biosynthesis, and they in turn would cause abnormal cell wall organization, although there is no report demonstrating the direct effect of the phospholipid composition on the cell wall organization. Alternatively, SHV3 and related proteins may possess completely different enzymatic activity from that of GPD, as suggested by the different domain organization and the distinct amino acid residues at the active center. In addition, if the biochemical activity of SHV3 and its paralogs is the same as that of GPDs, the presence of typical GPDs in the cell wall (Van der Rest et al. 2004) would mask the phenotype of the defect of the SHV3 family. A large number of modifications are required for the arrangement of and interactions between cell wall components. It is possible that SHV3 and its related proteins are involved in their regulation. This idea may be consistent with the notion that homologs of these genes are found only in plants which have developed the unique process of cell wall organization. Determining the exact activity of these proteins will not only allow us to characterize their biochemical properties but will also enhance our understanding of cell wall organization.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana (L) Heynh. ecotypes Columbia (Col) and Nossen (Nos) were used in this study. The shv3-3 (15-1096-1, Nos background) mutant line was obtained from a collection of Ds transposon-tagged lines (Kuromori et al. 2004 ). The shv3-1 seeds were kindly provided by Dr. Claire Grierson (University of Bristol, UK). The T-DNA insertion lines shv3-2 (SALK_024208), svl1-1 (SALK_064539) and svl2-1 (SALK_057865) (Alonso et al. 2003) were obtained from the Arabidopsis Biological Resource Center. The plants were grown as described previously (Nishimura et al. 2005) .
The point mutation in shv3-1 was detected by DNA sequencing of the At4g26690 gene in the shv3-1 mutant. To generate the double and triple mutants, single mutants were crossed and the presence of T-DNA insertions in the F 2 progeny was confirmed by PCR (Supplementary Table S2 ). The methods used to isolate genomic DNA and the PCR conditions were described previously (Nishimura et al. 2005) .
RT-PCR analysis
First-strand cDNA was synthesized from 0.8 mg of total RNA pre-treated with RQ1 RNase-free DNase (Promega, Madison, WI, USA) using a ReverTra Ace RT-PCR Kit (Toyobo, Tokyo, Japan) with random hexamers according to the manufacturer's instructions. Semi-quantitative RT-PCR was performed with 1/40 of the first-strand reaction mixture using gene-specific primers (Supplementary Table S2 ). The PCR conditions were 958C for 90 s followed by 16 or 32 cycles of 958C for 15 s, 558C for 20 s and 728C for 60 s, and a final hold at 728C for 4 min. In total, 32 cycles were used to amplify SHV3, SVL1, SVL2, SVL3, SVL4, SVL5, VSP1 and PDF1.2. 18S rRNA was used as an internal control (16 cycles).
Generation and analysis of the transgenic plants
To construct GFP::SHV3, sGFP (S65T) was amplified by PCR and inserted in-frame into the NcoI site of SHV3 (RAFL08-16-D08, obtained from the RIKEN BioResource Center), and then the fusion gene was inserted downstream of the CaMV 35S promoter in the T-DNA region of the binary vector pMSH1 (Kawasaki et al. 1999) . Imaging of the transgenic plants was performed using an LSM510 confocal microscope (Carl Zeiss, Jena, Germany). For the promoter::GUS constructs, 1.9, 1.5 and 1.5 kb of the putative promoter regions of SHV3, SVL1 and SVL2, respectively, were amplified by PCR using the primers listed in Supplementary Table S2 , and inserted upstream of the GUS gene in the T-DNA region of the binary vector pBI101. Thin sections of stained tissues were prepared using a Technovit 7100 Plastic Embedding Kit (Kulzer, Wehrheim, Germany). For complementation of the shv3-2svl1-1 mutation, a genomic DNA fragment containing the SVL1 coding region (1.5 kb upstream and 0.5 kb downstream) was amplified by PCR and cloned into the T-DNA region of the binary vector pGreenII, and then introduced into the shv3-2svl1-1 double mutant. The M 2 and M 3 progeny were used for characterization.
Phloroglucinol staining
Phloroglucinol staining was performed as described by CanoDelgado et al. (2000) . The plants were cleaned with ethanol then mounted in a 2% phloroglucinol-HCl solution. Lignin staining was observed in seedlings embedded in chloral hydrate : glycerol : water (8 : 1 : 2).
Cell wall characterization
FTIR analysis of dark-grown hypocotyls was performed as described by Fagard et al. (2000) . Four-day-old dark-grown seedlings were pressed onto a barium fluoride window then rinsed with water. The samples were subsequently dried at room temperature for 3 h. Infrared spectra were collected using a PerkinElmer AutoIMAGE FT-IR Microscope System attached to a Spectrum One FT-IR Spectrometer (PerkinElmer, Shelton, CT, USA) from the middle region of the hypocotyl, avoiding the central cylinder, with a 20 mm 40 mm aperture. All data sets were corrected for the baseline and normalized. Principal components analysis was performed using Win-Discrim software (E. K. Kemsley, Institute of Food Research, Norwich, UK).
To prepare the AIRs, plant tissues were collected and ground in liquid nitrogen then washed with 80% ethanol, 95% ethanol, 99.5% ethanol, chloroform : methanol (1 : 1) and acetone, and airdried. To measure the crystalline cellulose content, the AIRs were treated with acetic acid : nitric acid : water (8 : 1 : 2) for 1 h at 1008C, then the sugar content of the insoluble materials was measured with anthrone reagent as described by Updegraff (1969) . Avicel PH-101 (Fluka, Bruchs, Switzerland) was used to generate a standard curve. The neutral sugar composition of the AIRs was determined by gas chromatography-mass spectrometry (GC-MS) of the alditol acetate derivatives (York et al. 1985) . To measure the total uronic acid content, the AIRs were treated with trifluoroacetic acid and the soluble fraction was used. Determination of the uronic acid content was performed using sulfamic acid and m-hydroxybiphenyl reagent as described by Filisetti-Cozzi and Carpita (1991) . D-Glucuronic acid was used to generate a standard curve. The presence of uronosyl methyl esters was determined by saponification according to the method of Wood and Siddiqui (1971) . The degree of methyl esterification was calculated from paired assays of the total uronic acids. Starch in the AIRs was detected enzymatically using an F-Kit (Boehringer Mannheim, Mannheim, Germany) according to the manufacturer's instructions. Determination of the ratio of borate ester cross-linked RG-II dimers to RG-II monomers was performed as described by Matsunaga and Ishii (2006) .
Scanning electron microscopy
Seedlings (7-d-old), frozen in liquid nitrogen, were attached to the stage of a JSM5610-LV electron microscope (JEOL, Tokyo, Japan) and observed under high-vacuum conditions according to the manufacturer's instructions.
Supplementary material
Supplementary material are available at PCP Online.
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